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57 ABSTRACT

Disclosed is a method for producing, in an electronic circuit,
a varying digital output in response to edges of a received
clock signal. The method includes generating, within cir-
cuitry of the electronic circuit, an unbalanced, pseudo-ran-
dom binary output of the circuitry. The method also includes
generating, within the electronic circuit and from the received
clock, a sub-rate clock version of the received clock. The
method also includes carrying out, within the electronic cir-
cuit, an exclusive OR operation between the sub-rate clock
and the pseudo-random binary output of the circuitry to pro-
duce a balanced, pseudo-random binary output.

20 Claims, 4 Drawing Sheets

104

216

PRBS ( 214 210
Generator \ (
(unbalanced) )
100
D SET Q
—>

cLRSQ 213 k 200
212



US 9,116,764 B2

Sheet 1 of 4

Aug. 25, 2015

U.S. Patent

(Wy Joud) | ‘old

A

141"

V\.\lOOv
oiL
wmmp mwmv 801 mwm b 801 ‘801 omm i
WVI pSyie] mlUl wo D [%p ) D w0 w =gte] D. ¥ WUI o0
< < < < < <- <
O.Emh_ * Grmwﬁ_ O»me Okme OkmmD O.rme O.mmh_
]
rA9"

10



U.S. Patent Aug. 25, 2015 Sheet 2 of 4 US 9,116,764 B2

210

214
A
N 200

v m
= S N
& e N —_
& M L
~~ ] o
°
s 8 QA
U)J—'o
T C O
as © O I
x 2 g «
G.Q).CCD
© 3

216

CLK
Ul



US 9,116,764 B2

Sheet 3 of 4

Aug. 25,2015

U.S. Patent

€ 9Old
9ie

T T T T T T T T T T T T T T T TS T T T T T T s e e — 1
| “ /ﬁ@

|
“ 1N N l 0 ! X109
_ 80¢ 80¢ 80¢ 80¢ “ 8Le
| fr w f w I~ zo¢
" b R} D ¥io ..muv. 10 hul ¥ " D w10
“ < < <H Nl <
" % s d 0 138 a| 0 138 d 0 i35 d “ 0 138 a
m “ J
! 4% m
_ i J
i [
_ TS e
" 7 |
S S (R N J

NpLg TNpLE HpLg vie 0oe
[1-N] [2-N] (1] lo]



US 9,116,764 B2

Sheet 4 of 4

Aug. 25,2015

U.S. Patent

(4%

¥ ©Old
| i 1
“ ‘LY 91y “
- 5 |
“ lOI w10 |0| ¥ “
“ < S
m—‘.v hm o 138 O O 135 Q OI “
N | |
“ |
e e e e 1
P
143%
or v
‘/ (psouejequn)
ozb v lojelauan)

Sgdd

91¢
)

A0



US 9,116,764 B2

1

BALANCED PSEUDO-RANDOM BINARY
SEQUENCE GENERATOR

CROSS-REFERENCE TO RELATED
APPLICATIONS

This application claims the benefit of U.S. Provisional
Application No. 60/912,307, filed Apr. 17, 2007, the contents
of'which are incorporated herein by reference in their entirety.

BACKGROUND OF THE DISCLOSURE

The ability to generate pseudo-random binary sequences
within electronic systems such as, for example, data converter
systems and systems employing communications circuits,
can be useful. Unfortunately, a problem with some known
Pseudo-Random Binary Sequence (PRBS) generators is that
they generate a sequence that is unbalanced. As will be appre-
ciated by those skilled in that art, the use of an unbalanced
binary sequence in conjunction with operations on data sig-
nals may introduce error into resultant data signals. The
amount of error that is introduced may, in some cases, be
unacceptable.

SUMMARY

It is an object of the invention to provide an improved
binary sequence generator.

According to one aspect of the invention, there is provided
an electronic circuit for producing a digital output in response
to edges of a received clock signal. The circuit includes first
generator circuitry for generating an unbalanced, pseudo-
random binary output of the first circuitry. Second generator
circuitry has an input for the received clock signal. The sec-
ond circuitry generates a sub-rate clock version of the
received clock. Logic gate circuitry effectively multiplies the
sub-rate clock with the pseudo-random binary output of the
first circuitry to produce a balanced, pseudo-random binary
output.

According to another aspect of the invention, there is pro-
vided a method for producing, in an electronic circuit, a
varying digital output in response to edges of a received clock
signal. The method includes generating, within circuitry of
the electronic circuit, an unbalanced, pseudo-random binary
output of the circuitry. The method also includes generating,
within the electronic circuit and from the received clock, a
sub-rate clock version of the received clock. The method also
includes carrying out, within the electronic circuit, an exclu-
sive OR operation between the sub-rate clock and the pseudo-
random binary output of the circuitry to produce a balanced,
pseudo-random binary output.

According to yet another aspect of the invention, there is
provided an electronic circuit for producing a digital output in
response to edges of a received clock signal. The circuit
includes first generating means that generates, within the
electronic circuit, an unbalanced, pseudo-random binary out-
put. Second generating means generates, within the elec-
tronic circuit and from the received clock, a sub-rate clock
version of the received clock. The circuit also includes means
for carrying out, within the electronic circuit, an exclusive OR
operation between the sub-rate clock and the pseudo-random
binary output to produce a balanced, pseudo-random binary
output.

Thus, improved binary sequence generators have been pro-
vided.

BRIEF DESCRIPTION OF THE DRAWINGS

Reference will now be made, by way of example, to the
accompanying drawings:
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2

FIG. 1 is a circuit schematic representation of a prior art
Pseudo-Random Binary Sequence (PRBS) generator;

FIG. 2 shows a circuit diagram of a balanced PRBS gen-
erator in accordance with a first example embodiment;

FIG. 3 is a circuit schematic representation of a balanced
PRBS generator in accordance with another example
embodiment; and

FIG. 4 shows a circuit diagram of a balanced PRBS gen-
erator in accordance with yet another example embodiment.

DETAILED DESCRIPTION OF EXAMPLE
EMBODIMENTS

“Balanced”, as the term is used herein, refers to balance of
odd/even sequences and/or (depending on the context) bal-
ance of logic high and logic low levels in a sequence. In some
examples, logic high and logic low map onto ‘1’ and ‘0’
respectively. In some alternative examples, logic high and
logic low map onto ‘+1° and ‘-1’ respectively.

In the following detailed description of example embodi-
ments, a number of illustrated circuits, and circuit compo-
nents and/or logic gates are of a type which performs known
operations on electronic signals. Those skilled in the art will
have knowledge of alternative circuits, circuit components or
logic gates which are recognized as equivalent because they
provide the same operations on the signals.

Similar or the same reference numerals may have been
used to denote similar components.

Referring now to the drawings, FIG. 1 is a circuit schematic
representation of a PRBS generator 100. The generator 100
generates an unbalanced binary sequence at circuit output
104. In connection with the generation of the unbalanced
binary sequence at the circuit output 104, individual bits of
the binary sequence are outputted sequentially at each trigger
event (i.e. the clock edge).

The illustrated generator 100 comprises generator circuitry
that includes seven D flip-flops, labeled 108,-108,. As will be
appreciated by one skilled in the art, the number of D flip-
flops 108 will vary. For example, there could be many more D
flip-flops 108, or there could be as few as three D flip-flops
108. However, as will be understood by those skilled in the
art, the imbalance of the generated binary sequence will be
greater in those generators where there are fewer flip-flops
108. Conversely, one benefit of having fewer flip-flops 108
would be reduced number of transistors required for imple-
mentation.

The imbalance of the generated binary sequence relates to
the all logic lows state (all zeros state or all —1’s state) being
disallowed. As explained in Chapter 10 of “Logic Design
Principles”, McCluskey, Edward, Prentice Hall, © 1986, the
all logic lows state must be disallowed for the generator 100,
because once in the all logic lows state, the generator 100 will
be indefinitely stuck in that state. Initialization circuitry [not
explicitly shown] may be employed, upon initialization of the
generator 100, to set at least one of the D flip-flops 108 to
logic high (logic ‘17). It will be therefore be understood that,
because the all logic lows state is disallowed, there will
always be an imbalance of odd/even sequences. The imbal-
ance is roughly one divided by 2%, where N is the number of
D flip-flops in the generator 100. Thus, the imbalance is
inversely related to the number of D flip-flops.

It will be understood that the D flip-flops 108 are in a shift
register-type arrangement and, more specifically, a Linear
Feedback Shift Register (LFSR) type arrangement. In par-
ticular, the D input of each flip-flop 108 (except the first D
flip-flop) is connected to the Q output of the previous D
flip-flop 108. The output of the last D flip-flop, D flip-flop
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108, is electrically connected to an input of XOR logic gate
112. Also, the other input of the XOR logic gate 112 is
electrically connected to the Q output of the second last D
flip-flop, D flip-flop 108.. The D input of the first D flip-flop,
D flip-flop 108,,, is electrically connected to the output of the
XOR logic gate 112.

A clock signal 116 is received at a clock input of each of the
D flip-flops 108. For the illustrated generator 100, the bit
values on the D inputs of each of the D flip-flops 108 are
outputted on the Q outputs of the flip-flops on the rising edges
of the clock signal 116. Nevertheless, it will be understood
that in other PRBS generators, other flip-flop triggering
events may be possible. For example, triggering the flip-flops
on the falling rather than rising edges of a clock signal may be
possible.

Reference will now be made to FIG. 2. FIG. 2 shows a
circuit diagram of a balanced PRBS generator 200 in accor-
dance with a first example embodiment. As will be subse-
quently explained, the generator 200 generates, at circuit
output 210, a balanced pseudo-random binary sequence by
effectively multiplying an unbalanced pseudo-random binary
sequence with a balanced sequence generated by a separate
generator.

The illustrated generator 200 employs the unbalanced
sequence generator 100 described previously in greater
detail, and also a balanced sequence generator comprising
generator circuitry that includes a D flip-flop 212. The D
flip-flop 212 configured as illustrated is sometimes referred to
as a divide-by-two circuit. This is because it outputs a signal
that oscillates at a frequency that is ¥ the frequency of the
clock signal received at the clock input of the flip-flop. One
skilled in the art will appreciate that other circuitries besides
a D flip-flop could be used to implement a divide-by-two
circuit. For example, a T flip-flop could be used to implement
a divide-by-two circuit.

As explained previously, the imbalance in the sequence
outputted at the unbalanced generator output 104 is roughly
1™ (where N=7) or roughly 1%. By contrast, the sequence
outputted at the output 213 of the generator 212 should have
zero imbalance, because the illustrated generator 212 is a
divide-by-two circuit that generates an oscillating output sig-
nal having a 50% duty cycle (logic high 50% of'the time, logic
low 50% of the time). The unbalanced and the balanced
sequences are effectively multiplied together to generate a
balanced sequence at the output 210 of the generator 200.
This is carried out by providing each of the sequences at one
and the other of the two inputs of XOR logic gate 214. In
particular, a new bit from each of the generators 100 and 212
will be provided to the XOR gate inputs each cycle of clock
signal 216.

Advantageously, the binary sequence generated at the out-
put 210 exhibits the combined characteristics of each of the
two generators 100 and 212. In other words, the binary
sequence generated by the generator 200 (like the binary
sequence generated by the generator 100) will be pseudo-
random but with the imbalance eliminated. This can be
explained mathematically as follows: the expected value of
two relatively-prime sequences multiplied together, one of
which is zero mean, will result in a sequence that is zero mean
itself. Furthermore, those skilled in the art will appreciate that
in systems where logic high and logic low map onto ‘1’ and
‘~1” respectively, it is a common understanding that XOR
gates can be used in effectively achieving multiplication.

In addition to imbalance, two other measures sometimes
referred to in connection with sequence generators are mark
density and transition density. Mark density is calculated as
follows: 100%*(number of logic ‘1’s/total bits). Transition
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density is calculated as follows: 100%*(number of bit tran-
sitions/total number of bits). Balanced PRBS generators in
accordance with example embodiments have a mark density
ot 50% and a transition density of, for practical purposes, at
least close to 50%.

Reference will now be made to FIG. 3. FIG. 3 is a circuit
schematic representation of a balanced PRBS generator 300
in accordance with another example embodiment. The gen-
erator 300 is similar to the generator 200 illustrated in FIG. 2,
the primary difference between the two generators being that
the generator 300 generates a pseudo-random word of length
N rather than a pseudo-random sequence of bits where at any
one instance only one bit is provided at the output of the
generator.

Unbalanced PRBS generator 302 of the generator 300
comprises generator circuitry that includes N D flip-flops
308,-308,, , and an XOR logic gate 312. These components
are electrically connected together in a manner similar to the
components of the generator 100 shown in FIG. 1; however,
a Q output for each of the flip-flops 308 is connected to an
associated one of XOR logic gates 314,-314,, ;. The other
input of each of the XOR logic gates 314,-314,, , receivesaQ
output 316 of a balanced generator 318 that is a generator
comprising generator circuitry at least similar to the circuitry
of the balanced generator shown in FIG. 2. Consequently, in
the generator 300 there are N instances of multiplications that
occur between each of the Q outputs of the flip-flops 308 and
the output of the balanced generator 318, whereas in the
generator 200 (FIG. 2) there is only one multiplication
between the output 104 of the unbalanced PRBS generator
100 and the output 213 of the balanced generator 212.

Reference will now be made to FIG. 4. FIG. 4 shows a
circuit diagram of a balanced PRBS generator 400 in accor-
dance with yet another example embodiment and similar to
the PRBS generator 200 shown in FIG. 2. The primary dif-
ference between the two circuits is that it includes a balanced
generator that is a divide-by-four circuit 414, whereas the
generator 212 shown in FIG. 2 is divide-by-two circuit. As
will be appreciated by one skilled in the art, the generator 414
is termed a divide-by-four circuit, because it outputs a signal
that oscillates at a frequency that is % the frequency of the
clock signal received at the clock inputs of the flip-flops. Also,
because the illustrated generator 414 is a divide-by-four cir-
cuit that generates an oscillating output signal having a 50%
duty cycle, the sequence outputted at the output 415 of the
generator 414 should have zero imbalance.

As will be appreciated by those skilled in the art, a single D
flip-flop is used to implement a divide-by-two generator,
whereas two D flip-flops 416, and 416, are included in the
generator circuitry needed to implement a divide-by-four
generator. The D flip-flop 416, receives an inverted Q output
of the D flip-flop 416, at its D input, and the Q output of the
D flip-flop 416, is received at the D input of the D flip-flop
416, . The clock inputs of both the D flip-flops 416, and 416,
receive the clock signal 216.

Similar to the configuration of the generator 200 shown in
FIG. 2, the output 104 of the unbalanced generator and the
output 415 of the balanced generator are received at one and
the other of the two inputs of XOR logic gate 420. Circuit
output 424 of the balanced PRBS generator 400 is the output
of'the XOR logic gate 420.

Although the generator 212 shown in FIG. 2 is a divide-
by-two generator, and although the generator 414 shown in
FIG. 4 is a divide-by-four generator, it will be understood that
any one of a number of different possible sub-rate clocks
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could be used to implement a balanced, non-random genera-
tor used in a balanced PRBS generator in accordance with
example embodiments.

It will be understood by those skilled in the art that the
sequence repeat length for the generator 400 is twice the
length as the sequence repeat length for the generator 200. In
particular, the sequence repeat length for the generator 200 is
2M1#2 The sequence repeat length for the generator 400 is
2M-1#4 The general formula for the sequence repeat length is
2NV 1#2M (where M=number of flip-flops in the divide-by-
[M*2] generator). [0033] In some examples, balanced PRBS
generators in accordance with at least some example embodi-
ments may be used within digital to analog converters. In
other examples, balanced PRBS generators in accordance
with at least some example embodiments may be used within
analog to digital converters. In still other examples, balanced
PRBS generators in accordance with at least some example
embodiments may be used within delta sigma modulators.

Certain adaptations and modifications of the described
embodiments can be made. Therefore, the above discussed
embodiments are considered to be illustrative and not restric-
tive.

What is claimed is:
1. An electronic circuit for producing a digital output in
response to edges of a received clock signal, the circuit com-
prising:
first generator circuitry for generating an unbalanced,
pseudo-random binary output of said first circuitry;

second generator circuitry having an input for the received
clock signal, said second circuitry generating a sub-rate
clock version of the received clock; and

logic gate circuitry for effectively multiplying said sub-rate

clock with said pseudo-random binary output of the first
circuitry to produce a balanced, pseudo-random binary
output.

2. The electronic circuit of claim 1 wherein said sub-rate
clock has a substantially 50 percent duty cycle.

3. The electronic circuit of claim 1 wherein the circuit
produces a sequence of bits.

4. The electronic circuit of claim 1 wherein the circuit
produces a word having a length of at least two bits.

5. The electronic circuit of claim 1 wherein said first cir-
cuitry comprises a number of D flip-flops.

6. The electronic circuit of claim 5 wherein said number of
D flip-flops is at least seven D flip-flops arranged in a linear
feedback shift register type arrangement.

7. The electronic circuit of claim 1 wherein said second
circuitry comprises at least one flip-flop.

10

15

20

25

30

35

40

45

6

8. The electronic circuit of claim 7 wherein said atleast one
flip-flop is a single D flip-flop, the second circuitry configured
for an inverted Q output of the D flip-flop to be received by the
D input of the D flip-flop.

9. Inan electronic circuit, a method for producing a varying
digital output in response to edges of a received clock signal,
the method comprising:

generating, within circuitry of the electronic circuit, an

unbalanced, pseudo-random binary output of the cir-
cuitry;

generating, within the electronic circuit and from the

received clock, a sub-rate clock version of the received
clock; and

carrying out, within the electronic circuit, an exclusive OR

operation between said sub-rate clock and said pseudo-
random binary output of the circuitry to produce a bal-
anced, pseudo-random binary output.
10. The method of claim 9 wherein said sub-rate clock has
a substantially 50 percent duty cycle.
11. The method of claim 9 wherein the varying digital
output is a sequence of bits.
12. The method of claim 11 wherein said sequence has a
repeat length that is a positive power of two.
13. The method of claim 9 wherein the varying digital
output comprises a word having a length of at least two bits.
14. An electronic circuit for producing a digital output in
response to edges of a received clock signal, the circuit com-
prising:
first generating means that generates, within the electronic
circuit, an unbalanced, pseudo-random binary output;

second generating means that generates, within the elec-
tronic circuit and from the received clock, a sub-rate
clock version of the received clock; and

means for carrying out, within the electronic circuit, an

exclusive OR operation between said sub-rate clock and
said pseudo-random binary output to produce a bal-
anced, pseudo-random binary output.

15. The electronic circuit of claim 14 wherein said sub-rate
clock has a substantially 50 percent duty cycle.

16. The electronic circuit of claim 14 wherein the circuit
produces a sequence of bits.

17. The electronic circuit of claim 14 wherein the circuit
produces a word having a length of at least two bits.

18. The electronic circuit of claim 14 wherein said first
generating means comprises a number of latch means.

19. The electronic circuit of claim 14 wherein said second
generating means comprises at least one latch means.

20. The electronic circuit of claim 19 wherein said at least
one latch means is a single latch means.
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